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Abstract 
RNA-mediated silencing in plants can spread from cell to cell and over long distance, and 
such mobile silencing has been extensively studied in the past decade. However, major 
questions remain as to what is the exact nature of the mobile silencing signals, how the 
components of the RNA-directed DNA methylation pathway are involved, and why systemic 
spread of silencing has only been observed for transgenes but not endogenous genes. In this 
review, we provide an overview of the current knowledge on mobile gene silencing in plants. 
To address some of the major questions, we present a model where systemic silencing 
involves long nuclear RNA transcripts that serve as a template to amplify primary siRNA 
signals.  
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Introduction 
RNA-mediated silencing plays important roles in regulating growth and development as well 
as in response to environmental stress (Zhang et al., 2006; Chinnusamy and Zhu, 2009). 
Plants have evolved three different types of RNA-mediated silencing pathways namely, the 
microRNA pathway, the siRNA-mediated post-transcriptional gene silencing (PTGS) 
pathway, and the siRNA-mediated transcriptional gene silencing (TGS) pathway known as 
RNA-directed DNA methylation (RdDM). One of the more intriguing aspects of RNA 
silencing is its distinctive non-cell-autonomous character, where localized introduction or 
expression of silence-inducing RNAs can cause silencing at short or long distances from the 
initial induction site (Voinnet, 2005). This phenomenon was first demonstrated in the 
pioneering work by two groups with two different methods: 1) infiltrating green fluorescent 
protein (GFP)-expressing Nicotiana benthamiana with Agrobacterium carrying a GFP 
construct (Voinnet and Baulcombe, 1997) and 2) grafting a tobacco scion expressing a nitrite 
reductase transgene (35S-Nia) on a tobacco rootstock containing a Nia-silenced transgene 
(Palauqui et al., 1997). In both cases strong systemic silencing of the target genes, GFP or 
Nia, was observed. Subsequent studies involving various different methods provided further 
support for the existence of mobile silencing in plants (Mlotshwa et al., 2002). Mobile 
silencing has attracted extensive research efforts in the past few years because of its 
biological significance as well as its potential application in biotechnology and agriculture. 
However, the underlying mechanism for the spread of silencing has yet to be fully elucidated, 
and the exact nature of mobile silencing signals is still a subject of debate. In this review, we 
give an overview of the current understanding of mobile silencing in plants, and present a 
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model to address several questions concerning short and long-distance mobile silencing.  
 
Short and long-distance silencing  
Mobile silencing involves both cell-to-cell short-range movement and systemic 
long-distance spread (Kalantidis et al., 2008). Systemic silencing, also called long-distance 
mobile silencing, refers to the phenomenon whereby gene silencing is initiated in a few cells 
or specific tissues before spreading systemically throughout the plant (Voinnet, 2005; 
Kalantidis et al., 2008). Systemic silencing has so far been mainly observed in solanaceous 
plants, such as tobacco and tomato (Palauqui et al., 1997; Voinnet et al., 1998; Crete et al., 
2001; Shaharuddin et al., 2006) and has also been reported in Arabidopsis (Brosnan et al., 
2007). In experiments using these solanaceous plant models, the pattern of silencing spread 
is similar to that of dye movement which occurs mainly through the phloem (Roberts et al., 
1997), leading to the suggestion that systemic silencing signals move through the 
long-distance transport system, the phloem, and are subsequently loaded into surrounding 
cells through plasmodesmata.  
 
However, RNA-mediated silencing is not always associated with systemic spread, and in 
some cases, it can only exert a short-range silencing effect. When Himber et al. (2003) first 
used phloem-restricted PVX (potato virus X) to target the endogenous rubisco small subunit 
(RbcS) mRNA, they found that RbcS silencing, manifested by the phenotype of leaf chlorosis, 
was confined to the region around the vascular system. This differs from the systemic leaf 
chlorosis observed when a non-phloem restricted PVX vector was used. Subsequent studies, 
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using a phloem-specific promoter AtSuc2-directed hairpin RNA (hpRNA) transgenes 
targeting either the endogenous RbcS or sulphur desaturase (Sul) mRNA, showed that the 
spread of endogenous gene silencing is restricted within 10-15 cells surrounding the 
vasculature. 
 
Apart from endogenous genes, cell-to-cell short range silencing has also been observed for 
transgenes when some of the genetic factors involved in the siRNA-mediated PTGS pathway 
are mutated. When introduced into wild type plants, a phloem-specific hpRNA silencing 
inducer containing the first 400bp of the GFP gene (referred to as “hpGF”) can induce 
systemic silencing of GFP expression. However, when RDR6/SDE1 is mutated, silencing is 
restricted to the vascular system and adjacent cells (Himber et al., 2003). This silencing 
pattern is similar to that of the endogenous gene Sul induced by the phloem-specific hpRNA 
transgene AtSuc2-hpSul, although silencing of Sul is not affected in the rdr6/sde1 mutant. 
RDR6/SDE1 is required for transitivity of gene silencing, the spread of silencing beyond the 
region targeted by the inducer construct (Vaistij et al., 2002), by catalyzing the production of 
secondary siRNAs up- or down-stream of the primary target region (Wassenegger and 
Krczal, 2006; Voinnet, 2008). Three independent studies, using tissue-specific transgenic 
approaches (Himber et al., 2003), VIGS (Vaistij et al., 2002) and grafting (Brosnan et al., 
2007), have shown that long-distance silencing is dependent on secondary siRNA production, 
and that the extent of systemic silencing is proportional to the abundance of secondary 
siRNAs (Himber et al., 2003). These observations support a model where systemic silencing 
requires amplification of primary silencing signals, which has been described as an 
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amplifying relay process occurring between tissues that produce the silencing signal and 
those that receive it (Himber et al., 2003). 
 
Small RNAs are mobile 
Recent experiments have demonstrated that systemic mobile silencing can occur in different 
plant species (Voinnet, 2005; Kalantidis et al., 2008). However, the nature of the mobile 
silencing signal(s) has remained elusive. With the discovery of the role of small RNAs in 
PTGS or RNA interference (RNAi) pathways in plants and animals (Hamilton and 
Baulcombe, 1999; Waterhouse et al., 2001; Bagasra and Prilliman, 2004; Baulcombe, 2004; 
Herr and Baulcombe, 2004; Tijsterman and Plasterk, 2004), recent studies have focused on 
determining whether small RNAs are the mobile signal.  
 
In one of these studies, Klahre et al (2002) bombarded synthetic siRNAs into plant cells, and 
showed that double-stranded small RNAs can induce systemic post-transcriptional gene 
silencing, suggesting that small RNAs are the mobile silencing signal. However, in the same 
study the authors demonstrated that longer RNA species can also induce systemic silencing, 
and therefore the possibility that precursors of small RNAs act as a mobile signal could not 
be excluded. 
 
Another recent study combined Arabidopsis mutants impaired in RNA silencing pathways 
with micro-grafting (Brosnan et al., 2007). In Arabidopsis, 20-22 nt microRNAs are 
processed by Dicer-like 1 (DCL1) and are involved in the control of plant development, 
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while 21-24 nt siRNAs are produced by DCL2, DCL3 and DCL4 and direct silencing in the 
PTGS or RdDM pathways (Baulcombe, 2004; Fusaro et al., 2006). Brosnan et al. showed 
that expression of a hpGF transgene that targets the 5’ half of GFP in an Arabidopsis 
rootstock defective for dcl1 or dcl2, dcl3 and dcl4 still triggered systemic GFP silencing in 
the scion. This result appears to suggest that small RNAs may not be the long-distance 
silencing signal.  
 
Results from an earlier study also appear to argue against small RNAs being the mobile 
silencing signal (Mallory et al., 2001). A tobacco rootstock expressing the viral silencing 
suppressor P1/HC-Pro was able to send mobile silencing signals targeting a β-glucuronidase 
(GUS) transgene in the scion despite the fact that P1/Hc-Pro stopped GUS silencing and 
prevented the accumulation of GUS siRNAs at detectable levels in the rootstock.  
 
However, neither of these experiments can exclude the role of small RNAs in mobile 
silencing. The four DCLs in Arabidopsis have partial functional redundancy (Xie et al., 2004) 
and small RNAs may not be completely eliminated in the dcl2 dcl3 dcl4 triple mutant used 
by Brosnan et al. Use of a dcl1 dcl2 dcl3 dcl4 quadruple mutant could help to resolve the 
issue, but it is difficult to obtain such a quadruple mutant since a complete loss of function in 
DCL1 would make the plant unviable. Similarly, in the P1/Hc-Pro rootstock (Mallory et al., 
2001), low levels of siRNA could still exist as recent studies have suggested that P1/Hc-Pro 
functions by sequestering siRNAs or blocking siRNA-mediated cleavage rather than by 
preventing siRNA biogenesis (Lakatos et al., 2006). 
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Several recent studies have lent support for a direct role of small RNAs in the signaling of 
mobile silencing in plants. By mutagenising the phloem-specific Atsuc2-hpSul transgenic 
system, Dunoyer et al (2005) have shown that DCL4 is required for the cell-to-cell short 
range spread of silencing. They found that 21-nt siRNAs, the product of DCL4, are 
associated with the spread of silencing but the 24-nt siRNAs, product of DCL3, are 
dispensable. A similar conclusion was made by Smith et al. (2007), who showed that 21-nt 
siRNAs, rather than 24-nt siRNAs, are required for the short-distance silencing of the 
endogenous phytoene desaturase (PDS) gene. This was reinforced by the recent experiments 
showing that re-introduction of DCL4 into the phloem companion cells in a dcl4 mutant 
background restored the cell-to-cell movement of Sul silencing (Dunoyer et al., 2010a). 
Furthermore, companion cell-specific expression of the viral silencing suppressor P19, 
which specifically binds and sequesters 21-nt siRNAs (but not 24-nt siRNAs), blocked the 
short distance spread of silencing (Dunoyer et al., 2010a).  
 
Arabidopsis micro-grafting and next-generation RNA sequencing, provided evidence 
suggesting that the 24-nt siRNAs are the long-distance mobile silencing signal (Molnar et al., 
2010). Sequencing of the small RNA populations isolated from both scion and rootstock, 5 
weeks after grafting, showed that scion-specific siRNAs, predominantly 23 and 24 nt in 
length, were present in the rootstock. When the pol iv and dcl2 dcl3 dcl4 mutants were used 
as the scion, the 24-nt scion-specific siRNAs were no longer detected in the rootstock. More 
importantly, 24-nt scion-specific siRNAs still accumulated in the pol iv and dcl2 dcl3 dcl4 
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rootstocks that are defective in 24-nt siRNA biogenesis, suggesting that the siRNAs, but not 
their longer precursor molecules, move from the scion to the root. Further analysis indicated 
that the majority of endogenous mobile siRNAs detected in this study are derived from 
transposons. The authors examined three such loci and showed that the mobile siRNAs can 
direct DNA methylation in the grafted rootstock, which suggests a functional significance of 
the 24-nt mobile siRNAs. In agreement with this finding, Dunoyer et al (2010b) showed that 
IR71, an endogenous locus, which resembles an inverted-repeat or hpRNA transgene, also 
gave rise to long-distance mobile siRNAs that were detected in the rootstock, and the 
majority of the mobile siRNAs are of the 24-nt class although 21- and 22-nt siRNAs were 
also found. Taken together, these studies suggest that 24-nt siRNAs are the signal for 
long-distance silencing.  
 
However, evidence from the early study by Brosnan et al (2007) contradicts the findings of 
Molnar et al (2010) and Dunoyer et al (2010b). Brosnan et al observed that GFP silencing in 
the scion, induced by the hpGF transgene in the rootstock, was associated mainly with 21-nt 
siRNAs corresponding to the 3’ region (P region) of the GFP transgene that is not targeted by 
the primary hpGF-derived siRNAs. GFP silencing was observed even when the rootstock 
was a dcl3 mutant that is defective in 24-nt siRNA biogenesis. Thus, GFP silencing in the 
scion does not appear to require 24-nt siRNAs in the rootstock, which argues against 24-nt 
siRNAs being the long-distance mobile silencing signal.  
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Involvement of RdDM components in mobile silencing  
A surprising observation by Brosnan et al. (2007) was that components of the RdDM 
pathway are also involved in systemic silencing. While the key RdDM factors Pol IV, RDR2, 
DCL3 and AGO4 are not required for transmission of the GFP silencing signal from the hpGF 
rootstock, they are essential for GFP silencing in the scion, i.e. for the perception of the 
silencing signals. Pol IV, RDR2 and DCL3 are involved in the biogenesis of 24-nt siRNAs, 
which bind AGO4 to direct the methylation of homologous DNA in the nucleus (Wang and 
Dennis, 2009; Law and Jacobsen, 2010). However, systemic GFP silencing is regarded as 
being post-transcriptional, as there was only a subtle reduction in transgene transcription, 
and no significant cytosine methylation or histone modification was detected in the GFP 
transgene in the silenced scion (Brosnan et al., 2007).  
 
Some of the RdDM components have also been shown to be required for the short-distance 
spread of silencing. Silencing of the endogenous genes PDS and Sul induced by the 
phloem-specific AtSuc2-hpPDS or AtSuc2-hpSul transgenes was diminished in the pol iv 
and rdr2 mutants (Smith et al., 2007; Dunoyer et al., 2007), suggesting a role for these 
RdDM factors in short-distance silencing. However, while DCL3 and AGO4 are required for 
the perception of long-distance silencing signals (Brosnan et al. 2007), mutations of these 
two proteins either did not affect (in the case of Sul silencing; Dunoyer et al., 2007), or 
enhanced (in the case of PDS silencing; Smith et al., 2007), the spread of the short-distance 
silencing. These observations suggest that the RdDM components contribute in a different 
way to short-distance and long-distance mobile silencing.  
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A model for mobile silencing 
Current knowledge on mobile silencing, as discussed above, can be summarized as follows: i) 
mobile silencing can be characterized into two types, short-distance cell-to-cell spread and 
long-distance systemic movement; ii) 21-nt siRNAs are the predominant mobile signal for 
the short-distance spread of silencing; iii) long-distance silencing is dependent on secondary 
siRNA production; iv) while 24-nt siRNAs are mobile and can move over long-distance 
through the phloem, their role in long-distance silencing remains unclear; and v) components 
of the RdDM pathway are required for systemic silencing, but the silencing appears 
post-transcriptional and is not associated with significant DNA methylation or histone 
modification in the target gene sequence.  
 
So what is the long-distance silencing signal and how is the signal perceived in the target 
tissue to induce the silencing effect? A plausible model was proposed by Brosnan et al. 
where long-distance signals of unknown identity trigger the production of 24-nt siRNAs by 
Pol IV, RDR2 and DCL3 in the nucleus of the recipient cells; these 24-nt siRNAs bind to 
AGO4 and direct cleavage of target transcripts to trigger the production of secondary 
siRNAs downstream of the initial target region. These secondary siRNAs in turn induce 
PTGS of the target mRNA. However, this model does not explain why long-distance mobile 
silencing has only been found to occur for transgenes but not for endogenous genes, a fact 
often overlooked in the discussions about mobile silencing in plants. For instance, Palauqui 
et al. (1997) showed that the endogenous nitrate reductase gene Nia in a wild-type tobacco 
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scion could not be silenced by grafting with the Nia-silenced rootstock; Nia silencing only 
occurs when a 35S-Nia transgene locus is present in the scion. Similarly, Shaharuddin et al 
(2006) demonstrated that the expression of an inverted repeat or hpRNA transgene targeting 
the 5’ UTR of the ACC oxidase gene (ACO1) did not trigger the silencing of the endogenous 
ACO1 gene in the grafted scion. However, a highly expressed 35S-ACO1 transgene was 
efficiently silenced when grafted to the same inverted repeat transgenic line; ACO1 
transgenic loci with low-level expression were not silenced by the same silencer rootstock 
(Shaharuddin et al., 2006). These observations suggest that transgenes, particularly those 
expressed at high levels, are susceptible to long-distance silencing, whereas endogenous 
genes appear to be resistant to systemic silencing. 
 
To explain both short- and long-distance mobile silencing, and to address the questions 
regarding the identity of long-distance signals, the involvement of RdDM components in the 
perception of these signals, and the difference between transgenes and endogenous genes, we 
present a revised model invoking cell-to-cell and long-distance movement of siRNA signals, 
amplification of the siRNAs signals and cell-autonomous silencing of the target genes 
(Figure 1). The key prerequisites in this model are a strict requirement for a long nuclear 
RNA transcript in the production of secondary siRNAs and a clear separation of nuclear 
siRNA amplification from mRNA degradation. Briefly, all siRNAs can move over long 
distances or from cell to cell. However, 21-nt siRNAs, and to some extent 22-nt siRNAs, 
function exclusively to direct the degradation of homologous mRNA in the recipient cells 
resulting in post-transcriptional silencing, as observed. However, these siRNAs do not 
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trigger secondary siRNA production. In contrast, 24-nt siRNA signals, whether acquired 
from long distance or from adjacent cells, enter the nucleus of the recipient cells and target a 
nuclear transcript to i) induce further production of 24-nt siRNAs from the direct target 
sequence by the RdDM machinery, and ii) trigger the production of 21-nt secondary siRNAs 
through a mechanism similar to that of trans-acting siRNA (ta-siRNA) biogenesis (Allen et 
al., 2005; Yoshikawa et al., 2005). When the recipient cells do not have the nuclear transcript, 
or no 24-nt siRNA signals are produced in the sender cells, the spread of silencing depends 
entirely on the concentration of the 21-22-nt siRNAs, which can move to adjacent cells and 
induce silencing through a concentration gradient. This scenario accounts for the short-range 
spread of silencing observed for the endogenous Sul gene in the AtSuc2-hpSul system or 
PDS gene in the AtSuc2-hpPDS system.  
 
But why are RdDM factors required for the short-distance spread of silencing and how are 
they involved? We favour a scenario where 21 and 22-nt siRNAs in the sender cells are 
derived from two pathways: the processing of primary dsRNA or hpRNA precursor 
transcribed from the silence-inducing transgene, and the biogenesis of secondary siRNAs 
that requires the RdDM factors Pol IV and RDR2 in the same sender cells. The combined 
amount of 21-22 nt siRNAs from both pathways determines the degree of short-distance 
silencing. Indeed, Smith et al. (2007) showed that the diminished short-distance spread of 
PDS silencing in the pol iv or rdr2 mutant was associated with reduced siRNA accumulation, 
and proposed that Pol IV and RDR2 are involved in the production of dsRNA. How Pol IV 
and RDR2 are involved in dsRNA production remains unclear, but it is possible that Pol IV 
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uses the primary hairpin dsRNA as template to synthesize single-stranded RNA in the 
nucleus that is then converted to dsRNA by RDR2. Smith et al. also provided a plausible 
explanation for the enhanced PDS silencing in the dcl3 and ago4 mutant backgrounds. They 
proposed that the AtSuc2-hpPDS transgene is subject to self-silencing that is catalyzed by 
DCL3 and AGO4. Mutations in these two proteins release the silencing, which results in 
enhanced levels of the primary hpRNA and hence siRNAs. Consistent with this proposition, 
they demonstrated that both the primary hpPDS transcript and the PDS siRNAs were 
up-regulated in the dcl3 and ago4 mutants. It remains unclear how DCL3 and AGO4 cause 
self silencing, but the self silencing in this system does not appear to be transcriptional as 
mutation in the key downstream component of the RdDM pathway, Pol V, did not affect the 
short-distance spread of silencing (Smith et al., 2007). One possibility is that the DCL3 
derived 24-nt siRNAs bind AGO4 to direct cleavage of the primary hpRNA transcript in the 
nucleus. This would reduce the amount of dsRNA template available for DCL4 or DCL2 to 
produce 21-22-nt siRNAs.   
 
The model in Figure 1 predicts that 24-nt siRNAs entering the nucleus have two fates: i) 
there is no nuclear target transcript to which they can bind and so no silencing occurs, or ii) 
they direct binding of a protein complex to a target nuclear transcript and induce the 
production of 24-nt siRNAs that can move from cell-to-cell or over long distance to 
perpetuate the long-distance signaling, and initiate the biogenesis of 21-nt secondary siRNAs. 
These then direct mRNA degradation both cell-autonomously or in adjacent cells to cause 
the full silencing effect. In this model, transgenes are different from endogenous genes in 
 14 
that transgenes are associated with nuclear non-coding transcripts while most endogenous 
genes lack such nuclear transcripts, and this difference accounts for the observation that only 
transgenes have so far been shown to be susceptible to systemic silencing.   
 
Consistent with this nuclear siRNA amplification model, most of the RNA silencing factors, 
including RDR6 and DCL4 that are required for ta-siRNA biogenesis, are localized in the 
nucleus. Also, early studies have shown that transgene silencing has frequently been 
associated with the accumulation of nuclear RNA transcripts (Metzlaff et al., 1997; Wang 
and Waterhouse, 2000; Wang and Metzlaff, 2005). The idea that RdDM components are 
required for noncoding RNA and secondary siRNA production is consistent with a recent 
study, which showed that secondary siRNAs are generated downstream of a hpRNA-targeted 
region and that the production of these secondary siRNAs is associated with a noncoding 
transcript and requires the RdDM factors Pol IV and RDR2 (Daxinger et al 2009).  
 
Conclusion and Perspective  
While the model in Figure 1 provides a possible explanation for many of the observations 
concerning mobile gene silencing in plants, several important questions remain. For instance, 
why are pol iv or dcl2 dcl3 dcl4 mutants, which are deficient in 24-nt siRNAs, still able to 
send long-distance signals to the grafted scion? Is it possible that unprocessed hpRNA can 
move through a few cells in the graft junction into the adjacent scion cells to be processed by 
DCL3, generating the initial 24-nt siRNA signals? Another question that is not addressed in 
this model is how the siRNA signals move in plants. For instance, is the movement a passive 
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process or an active process assisted by RNA transport proteins? Knowledge from studies on 
viral RNA movement in plants could provide some clues on this. More importantly, the 
model requires a critical experimental test to confirm the existence of the nuclear RNA 
transcript and the involvement of this transcript in secondary siRNA production.   
 
The model in Figure 1, if proven, has practical implications. For instance, effective systemic 
silencing against endogenous genes would be highly desirable for knocking down gene 
expression in plant species that are recalcitrant to genetic transformation or have a long 
juvenile period. The model predicts that endogenous genes without the nuclear transcripts 
would not be susceptible to systemic induction of silencing. A genome-wide search for such 
nuclear transcripts could identify endogenous genes that can be silenced systemically. In 
some transgenic applications, such as over-expression of transgenes to improve crop traits, 
the induction of systemic transgene silencing would be detrimental. As discussed earlier, not 
all transgene loci are susceptible to systemic silencing, suggesting that some transgene loci 
do not have the nuclear transcript. Screening primary transgenic populations for the 
existence of such nuclear transcripts could help identify lines that lack the transcript and 
therefore have durable transgene expression. Methods to minimize the production of the 
nuclear RNA transcript, or to “endogenize” the transgene, would also be valuable in 
maintaining long-term transgene stability.  
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Figure legends 
Figure 1. A model for mobile RNA silencing in plants. All size classes of small RNAs can 
move from cell to cell or over long distance through the phloem and enter cells to induce 
systemic or short-distance mobile silencing. The 21-22 nt siRNAs direct mRNA degradation 
and are responsible for the observed silencing effects in both short and long-distance 
silencing. These 21-22 nt siRNAs can move through 10-15 cells to cause short-distance 
spread of silencing but they do not induce further amplification of the siRNA signal (A and 
B). The 24-nt siRNAs enter the nucleus and interact with a long nuclear transcript to induce 
the production of secondary (2O) 24-nt siRNAs by PolIV and RDR2 from the homologous 
target region (A). Both the primary (1O) and 2O 24-nt siRNAs can bind to AGO4 and direct 
cleavage of the nuclear transcript at the homologous region, generating an RNA cleavage 
fragment. This fragment is used as template by RDR6 to synthesize dsRNA which is 
processed by DCL4 (and perhaps DCL2) to generate 2O 21-22 nt siRNAs, and these siRNAs 
in turn direct cleavage of target mRNA leading to the effect of systemic silencing (A). 
Excess 1O and 2O nt siRNAs (indicated by dashed arrowheads) can move further from cell to 
cell or over long distance to perpetuate the silencing. Only transgenes or endogenous loci 
that produce such nuclear transcript are susceptible to the 24-nt siRNA-induced systemic 
silencing (A). Most endogenous genes do not have such transcript and therefore are resistant 
to systemic silencing (B).   
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